that has been designed for the measurement of plutonium in mixedoxide (MOX) fuel assemblies prior to irradiation. The UWCC uses high-efficiency 3He neutron detectors to measure the spontaneousfission and induced-fission rates in the fuel assembly. Measurements can be made on MOX fuel assemblies in air or underwater. The neutron counting rate is analyzed for singles, doubles, and triples time correlations to determine the 240Pu effective mass per unit length of the fuel assembly. The system can verify the plutonium loading per unit length to a precision of less than 1% in a measurement time of 2 to 3 minutes. System design, components, performance tests, and operational characteristics are described in this manual. 
INTRODUCTION
The use of fresh uranium-plutonium mixed-oxide(MOX) fuel in light-water reactors is increasing in Europe and Japan, and it is important for inspectors to verify the plutonium content in the fuel for international safeguards purposes. Therefore, an improved underwater coincidence counter (UWCC), shown in Fig. 1 , has been developed to verify fresh MOX fuel subassemblies in air or underwater at reactor storage ponds. The UWCC can be configured to measure either boiling-water reactor (BWR) or pressurized-water reactor (PWR) fuel assemblies. The UWCC uses high-efficiency 3He neutron detectors to measure the spontaneous-fission and induced-fission rates in the fuel assembly. The neutron counting rate is analyzed for singles (S), doubles (D), and triples (T) time correlations to determine the 240Pu effective mass, as well as the reactivity of the fuel assembly. The UWCC can verify the plutonium loading per unit length to a precision of under 1% in a measurement time of 2 to 3 minutes.
Calibration of the UWCC was determined through measurements of MOX fuel in Mol, Belgium, and in Los Alamos. The Mol fuel array allowed calibration measurements up to 240Pu effective loadings of 6.8 g/cm. The Los Alamos MOX fuel allowed the calibration to be extended up to a 240Pu effective loading of 14.83 g/cm.
This manual provides the design specifications, performance tests, operational parameters, and preliminary calibration information for the UWCC.
UWCC DESIGN
The UWCC design was based on MCNP calculations. These calculations attempted to determine the effects of cadmium and to specify the front and back dimensions of polyethylene located around the detectors, which optimize efficiency while reducing the effect of boron concentration. In addition to providing improved decontamination, the stainless shell also protects the cadmium liner, which is positioned around the high-density polyethylene on the inside of the shell. The stainless shell is watertight and sealed with standard stainless-steel screws and 0 rings, permitting measurements to be performed underwater.
To decrease the UWCC sensitivity to varying boron concentrations in the water, we placed a 0.5-mm liner of cadmium inside the stainless-steel forks which completely surrounds the polyethylene containing the detectors. For gamma-ray shielding and neutron absorption, the cadmium liner thickness was increased to 1.0 mm in the location directly between Fig. 3 . UWCC forks showingpolyethylene and the the fuel assembly and the 3He cabling to the 3He neutron detectors.
tubes. The cadmiumcovered Fig. 3 . Each of the UWCC forks contain four 3He tubes with the specifications listed in Table I .
PREAMPLIFIER
The UWCC uses a dual-channel PDT-210A amplifier with one AMPT.EK (PDT-210A) channel for four 3He detectors. Figure 4 shows the wiring between the 3He tubes and the PDT-210A amplifier. The detectors are cross-wired between the two forks and each AMPTEK channel collects signals from two detectors in each fork. The cable length between the 3He tubes and the PDT-210A ampli- A signal summer box, shown in Fig. 5 , connects the PDT-210A to the shift-register electronics. The summer box passes HV and +5V from the shift-register module to the PDT-210A and ORs the output of the two digital pulses to produce one pulse stream, which is then fed into the shift register. 
HIGH-VOLTAGE
Before measuring the high-voltage plateau for the UWCC, the two PLATEAU PDT-21OAchannels were matched to have the same gain. Figure 7 shows the plateau curves for channels A and B for the 3He tubes (RS-P4-08 11-105 The counting rates for the UWCC are high (approximately 100 kHz) for MOX fuel assemblies, which causes a significant electronic deadtime effect. The dead time was measured using two 252Cf sources that had a known absolute ratio of neutron emission rates. The ratio for sources Cf-10 to Cf-4 is 55. Table II . For multiplicity analysis, the deadtime corrections are done with the equations DEAD TIME derived by Dytlewski4 using a constant deadtime value d. The value of d was determined by measuring several 252Cf sources with different neutron source strengths. The triples/doubles multiplicity ratio should be independent of the neutron source strength after deadtime correction. The value of d that gave the best agreement was the maximum value:
dGOOns.
A multiplicity dead time of 500 ns requires a shift-register gate setting of 64 ps or larger. The additional multiplicity deadtime coefficient C was required for units UWCC 1 and UWCC2.
NEUTRON
The neutron dieaway time z of the UWCC was measured using source Cf-7. DIEAWAY TIME Table III lists the gate widths and the doubles rates and errors. The resulting dieaway time in air is approximately 37 ps for a gate setting of 64 vs. Boron in the pool affects the multiplication of the MOX fuel assembly, which in turn affects the dieaway time of the system. Measurements at two dieaway time gate settings can confirm the boron content in a pool. Figure 8 shows the doubles rate versus the gate width for a *Yf source in air (bottom curve) and a PWR assembly in unborated water (top curve).
In addition to the measurements for a 252Cf source in air, the dieaway time was measured for a PWR MOX fuel assembly in pure water at Los Alamos. This information is provided in tion fission chains that occur when a MOX fuel assembly is placed underwater. The induced fissions from multiplication add several neutron-thermalization time intervals to the dieaway time. Figure 8 shows a graph of the normalized doubles rate as a function of gate width for a *'*Cf source in air and a MOX assembly in pure water with the data normalized to unity for at the 32q.s gate width.
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Gate Wkith [usec) Figure 9 shows the relative counting statistical error versus the gate length for the same cases (air and water). The error is a minimum for a gate setting at approximately 80 j.ts in water. 
EFFICIENCY
The efficiency of the UWCC was measured by placing a calibrated 252cf source in the center of the active zone. The measured efficiency in air was 3.6% (PWR mode) for a 252Cf point source centered in the UWCC. For the BWR geometry, the efficiency for a *"Cf source in air increases because the two forks are moved closer together compared to the PWR configuration, resulting in an efficiency of 5.1%. Because of the extended geometry and the neutron absorption in the water, the average efficiency for spontaneous fission neutrons emitted over the geometry of a fuel assembly will be considerably less than this value.
The 3He tubes in the TJWCC have active lengths of 280 mm compared with 152 mm for the modified fork. The extra length was designed to provide more efficiency and to make the counting rate less sensitive to the movement of the fuel assembly relative to the fork during the measurement. The primary drawback to these larger fork arms is the increased weight for the UWCC.
The nylon bumper on the back of the UWCC is used to position fuel assemblies in the center of the maximum counting profile. The bumper has two positions, which are determined by a set screw. The bumper is extended for BWR assemblies and retracted for PWR assemblies.
Tests were performed to determine the change in counting rate as a function of moving the fuel assembly away from the bumper and out of the measurement area of the forks (see Fig. 10 MOX Fuel Position in the UWCC 
MULTIPLICATION'
For the conventional two-parameter known-alpha analysis of neutron coinci-CONSTANT dence data, the constant p0 represents a nonmultiplying sample and is defined as:
where a is the calculated ratio of alpha-particle-induced neutrons to spontaneous-fission neutrons. Because R is directly proportional to the gate fractionfg for the doubles rate, we have p. at an approximate efficiency of * f,. We cannot measure p. because we do not have a nonmultiplying fuel assembly with the geometry of a PWR or BWR fuel assembly. The value of p. is directly proportional to the efficiency; therefore, the higher efficiency of the BWR configuration will result in a higher p. for BWRs than for PWRs.
The value of p. can be determined using MCNP calculations to obtain the neutron leakage multiplication (ML) of the assembly in water. The p. is selected to give agreement between the MCNP value of M,and the two-p,arameter analysis of M,
In Table V , we have used the same value of pO for air, pure water, and borated water for a given fuel type to provide consistency during setup of the INCC program and for field measurements. Actually, pO increases as the boron in the water increases because the boron shortens the dieaway time and results in a larger fraction of neutrons appearing within the gate width.
The MCNP-REN analysis of the PWR MOX fuel assembly and estimated using the doubles ratio from two gate measurements when a MOX fuel assembly is being measured. We have selected a single pO value corresponding to 2200-ppm boron concentration. The pO is selected to give the true M, for the assembly in borated water. Since the majority of fresh MOX fuel assemblies are stored in approximately 2200-ppm borated water, the borated water value of pO was used.
CROSS-CALIBRATION
Calibrating the UWCC using a MOX fuel assembly allows other UWCCs to be cross-calibrated using a 252Cf source positioned in the center of the UWCC. A reference count rate for cross-calibration is obtained by placing a %f source with a calibrated neutron-emission rate at the center of the UWCC active zone (see Fig. 11 .) The rates are listed in Table VI for both PWR and 252Cf s ource 
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BWR geometries. The data in Table VI are also corrected for dead time. The UWCC parameters used for the measurements are listed in Table IV .
When performing a cross-calibration, care must be taken to avoid neutron reflection from the table or floor supporting the UWCC. The UWCC should be positioned about one meter above the floor and at least a meter away from the walls. A metal pushcart was used to support the UWCC when collecting the cross-calibration data shown in Table VI . A special fixture, shown in Fig.  11 , is supplied with the UWCC to hold the 252Cf source in the center of the active zone. The fixture adjusts to both BWR and PWR geometries. 
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BORON EFFECTS Spent-fuel storage ponds have boron contents that range from zero to several ON UWCC thousand ppm, with most ponds containing approximately 2200 ppm. Increas-MEASUREMENTS ing the boron concentration in a spent-fuel pond increases the neutron absorption rate, reducing the number of neutrons emitted from a MOX fuel assembly that reach the UWCC and resulting in a lower counting rate. This rate change causes a calibration change that is a function of the boron concentration. Surrounding the UWCC with a cadmium layer removes thermal neutrons that are similar to boron as they enter the UWCC, reducing the effect of varying boron concentrations. Figure 13 shows the UWCC neutron singles rate as a function of boron concentration from a 17-pin X 17-pin MOX PWR fuel assembly. The MCNP results are plotted for the UWCC with and without cadmium. Cadmium covering the UWCC flattens the efficiency response compared to no cadmium, and it reduces the efficiency changes due to changing boron concentration. The UWCC-measured Dmc in Fig. 13 is relatively flat (between lOOOand 2250-ppm boron), indicating that two Dmc calibration curves are sufficient for the UWCC to cover unborated and borated ponds. 
BORON
For MOX fuel assemblies stored underwater, the boron content can be con-CONCENTRATION firmed from a dieaway time z ratio measurement when a fuel assembly is MEASUREMENT located in the UWCC. The boron concentration in parts per million is determined with the UWCC by measuring a fuel assembly at two shift-register gate settings. This is possible since the boron concentration affects the die-away time and not the efficiency of the UWCC. The shift-register gate settings are changed in the INCC program in the "Measurement Parameters," located under the "settings" file menu. The normal doubles-rate measurement, D64, takes place with a 64-ps gate setting. If a second doubles-rate measurement, Drz8, of approximately 5 minutes is made with a second shift-register gate setting of 128 l.ts, then the boron concentration can be determined.
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The doubles gate ratios, DJD,,,, confirm the boron concentrations as shown in Fig. 14 . The doubles gate ratio is expected to be approximately 0.79 for a boron concentration of 2200 ppm. 14 LANL FUEL ' The Los Alamos PWR MOX fuel assembly is a 15-pin X 15-pin array, shown DESCRIPTION in Fig. 16 . (Refer also to Appendix A.) The isotopic specifications for the MOX rods are listed in Table VIII below. For the full 204-rod array (204 fuel rods and 21 empty control-rod channels) the linear plutonium loading is 14.83 g 240Pu,Jcm. The UWCC is 17.3 cm tall and it is sensitive to the fuel for about 10 cm beyond the top and bottom of the detector arms. The measured fuel region extends over a height of about 37 cm. In the case of the Los Alamos MOX fuel assembly, this corresponds to approximately 2.5 kg of plutonium. 
CALIBRATION
Calibration of the UWCC was obtained from measurements of MOX fuel rods located at the SCK-CEN facility in Mol, Belgium and at Los Alamos. These measurements provide calibration data for two different types of MOX fuel rods and fuel arrays. The calibrations at Mol were performed in pure water and for five boron concentrations (530,909,1540,2160, and 2250 ppm). Both PWR (17-pin X 17-pin array) and BWR (g-pin X g-pin array) fuel arrays were used for the measurements at the VENUS facility. Borated and unborated calibrations were performed at Los Alamos. The Los Alamos PWR MOX fuel array is a 15 Xl5 configuration and the fuel contains more than twice the plutonium (14.838 240Pue,/cm) compared to the Mol fuel array (6.8Og 240Pu,J cm).
MOX PIN REMOVAL
The effects of plutonium loss through pin-removal load were determined starting with full MOX arrays. The full MOX fuel arrays in Mol, Belgium (17 X 17 = 264 pins) and in Los Alamos (15 X 15 r 204-p&) weremeasured= Pins were then removed from selected interior rows to reduce the plutonium content. Measurements were made for the case where water replaced the MOX rods. One set of measurements were collected with UO, fuel rods (containing a depleted-uranium content of 0.2%) replacing the MOX rods.
The neutron singles and neutron doubles rates are dependent on the specific 15 configurations. The multiplication correction removes this dependence. The multiplication-corrected neutron doubles rate versus the 240Pu-effective content is a straight line. Figure 17 shows Figure 18 compares the triples with doubles for the Los Alamos MOX fuel array which was measured in 1500-ppm boron and extrapolated to 2200-ppm boron. The triples precision is 24% in 10 minutes. Counting periods of about 10 minutes might be required to make quantitative use of the triples count. The triples rate as a function of the 240Pu-effective mass is shown in Fig. 18 . The ratio of T/D and T/S could be used to resolve anomalous results or differences between the calibration condition artd the field condition. The ratio of T/D approximately equal to e and T/ S approximately equal to e2 is a function of the efficiency and the size and configuration of the fuel assembly that could be evaluated using these ratios. Plutonium-calibration measurements are based on the DmC results shown in Fig. 17 for pure water and Figs. 19 and 20 for borated water. The LANL MOX fuel array was measured in 500-, lOOO-, and 1500-ppm boron and the data were extrapolated to the 2200-ppm boron values shown in Fig. 19 . Figure 20 contains measurement data for field inspection trials of PWR MOX fuels which have much larger loadings plutonium compared to the Mol and LANL MOX calibration pins. The calibration data in Fig. 20 provide a straight calibration line through the origin, DmC = 24.1 x, which is dependent on the multiplication constant pr We estimated the p0 listed in Table V for PWR assemblies to be 0.19. The same p. must be used for calibration and subsequent assay, and its absolute value is important only where the multiplication M must be correctly determined. The UWCC can measure MOX fuel in air to verify the 240Pu, content in a MEASUREMENTS manner similar to the passive neutron coincidence collar6 We calibrated the UWCC in air using the Mol and Los Alamos MOX fuel assemblies. The Mol fuel pins are 50 cm in active length and show an end effect compared to the 177.8 cm active-length fuel rods at Los Alamos. The neutron doubles and Dmc from air measurements are shown in Fig. 21 . The Dmc precision is better than 1% in 10 min. The line has a negative intercept because rod removal decreases both the plutonium source term and the efficiency from neutron backscattering from the ends of the fuel rods. The triples rate in air is low (8 f 7 cps) so the T measurement would require very long counting times, so is generally not useful. In most of the calibration configurations where pins were removed, water replaced the space from a rod removal. However, for two of the configurations, low-enriched uranium rods (3.3% 235U) were substituted for the MOX rods. The effects of these pin changes are detected by UWCC measurements.
The plutonium verification measurements are normally based on the Dmc calibration, and the counting precision for Dmc is better than 1% in 1 to 2 minutes. Two-parameter analysis using the known-alpha correction technique removes multiplication effects from the doubles measurements. For cases where LEU-fuel pins are substituted for MOX-fuel pins, the known-alpha correction removes the multiplication effect created by the LEU pins and permits verification of assemblies even in the presence of LEU-pin substitution. Additionally, the measurement uncertainties required for two-parameter analyses can be obtained within about one order-of-magnitude reduction of counting time compared to the time needed to measure the triples.
SUMMARY
The UWCC can be used to measure the 240Pu,ff per unit length in PWR and BWR MOX fuel assemblies stored under water or in air. Verifications are based on calibration curves of Dmc versus 240Pu,g per unit length. This correction produces a straight-line calibration curve and has been determined from measurements on two different MOX fuel arrays. The statistical precision for Dmc is better than 1% for a two-minute count. The UWCC can detect the removal of approximately 1% of the plutonium for a relative measurement and 2-3% of the plutonium for an absolute measurement, depending on how closely the unknown matches the calibration assembly.
The Dmc calibration makes the measurements relatively insensitive to differences between the calibration condition and the field condition. The calibration is insensitive to the number of fuel rods, diameter, pitch, cladding, and LEU content. Separate calibrations are required for pure water and borated water. If separate p0 values corresponding to pure and borated water measurements are used, then the calibrations will overlap. To limit the potential for error in measurements and reduce the chance of an inconsistent p0 value, the same value (Table V) is recommended for all measurements.
The appropriate calibration curve (borated versus unborated) is selected based on the operator's boron declaration. The boron loading can be verified by calculating the doubles ratio (see Fig. 14 Using the Acquire / Verification option, input the "item id", "material type", "declared mass" and then collect 6 cycles of 30-set verification counts. Note that the "item id" must clearly identify the particular measurement and assemblybecause it is the key identifier that-will be used to reanalyze, report, and review verification measurements. Appendix F provides guidance on defining "item id" names. 27. Select the Setup / Measurement Parameters option, reset the gate length (microseconds) back to 64, and then continue MOX me1 confirmation measurements.
DECONTAMI-NATION AND REPACKING
28. Once all verification measurements are complete the UWCC can be decontaminated by the operator, if necessary, and removed from the pond and disassembled and packed for shipment. The decontamination of the equipment would follow the operator's normal procedures; however, the fabric covers for the arms are to be discarded after use. 
Suggested Measurement id Names
The INCC program stores measurement filesin a database and each file is identified with a measurement id (12 characters) plus the date and time when the measurement occurred or when the data was reanalayzed. It is possible, therefore, to have a number of different measurements or a measurement with a number of reanalysis that all have the same name and the only difference would be in the date and time of each measurement or reanalysis. For this reason, confusion may occur in locating and identifying individual files if care is not taken in developing a unique and clear naming convention for the measurement ids.
One example occurs in reanalysis of measurement data. For example,take the me of meusurement id PWRMOXl that was collected on date: 98.07.22 and time: 15:45:40 and was then later reanalyzed twice using different deadtimes that were changed using the measurement parameters file for each reanalysis. In this example, there would now be three fdes called PWRMOXl in the database and under the INCC program Reanalyze option what would be seen is a liiting of three files each with the same name tand ;the only difference would be in the times which would be 15:45:40, 15:45:41, 15:45:42. In this case it is difficult to tell which deadtime was used with which file and what their differences are.
We therefore recommend that a naming convention be established prior to verification measurements to establish unique measurement id names thatwill allow the measurement data from past inspections to be easily identified and located for post analysis, print out plottipg, etc.
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Listed below is a possible naming convention SxxxFyyyBzzzz where S indicates the fuel serial number follows where xxxx is the fuel serial number F indicates the type of MOX fuel where F is replaced by P for PWR and by B for BWR yyy is the declared 240Pueff loading in grams per cm For example, a loading of 14.8 g/cm of 240Pueff would be F148
B is the boron loading in the fuel pond zzzz is the parts per million boron content in the water pure water 0500 5Wvm 1000 1500 2ooo 2500
Using this convention the measurement id n%e, P1826F148B2200, would represent a PWR MOX fuel assembly with serial number 1826 containing 14.8 g/cm of Pu CE stored in a pond containing 2200 ppm boron.
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